We have studied the influence of microwave radiation on the transport properties of a semiconductor quantum dot in the Kondo regime. In the entire frequency range tested 
INTRODUCTION
The Kondo effect stems from a macroscopic quantum coherent coupling between a localized magnetic moment and a Fermi sea of electrons. The local magnetic moment is screened by hybridization with the delocalized electron-spins, leading to the formation of a bound spin-singlet state. A many-body resonance in the density of states (DOS) appears at the Fermi energy, which strongly influences the conductance of the system at low temperatures. Above the Kondo temperature, thermal fluctuations destroy the coherence, resulting in a non-monotonic dependence of the conductance on temperature.
The equilibrium Kondo effect has been studied extensively in metals containing a dilute concentration of magnetic impurities. 1 In addition, the dependence on bias voltage and magnetic field was studied in single magnetic impurities encapsulated in a tunnel barrier. 2 In recent years, also semiconductor quantum dot devices have been considered, 3−7 thanks to their high controllability. For instance, a gate voltage can be used to change the number of confined electrons, and hence switch the total spin of the dot between zero (even electron number) and one half (odd electron number). In this way the Kondo temperature can be tuned from arbitrarily small values to typically a few Kelvin.
In this paper we investigate the Kondo effect in a quantum dot under controlled microwave irradiation. This is motivated by several theoretical studies, 8−13 which, interestingly, make contradicting predictions. Assuming that radiation of frequency f does not lead to ionization of the dot and subsequent spin-decoherence, it is expected that sidebands will appear in the DOS, at multiples of hf away from the main Kondo resonance. These sidebands should be measurable as additional peaks in the differential conductance.
In contrast to these predictions, Kaminski, Nazarov and Glazman 13 have pointed out that even without ionization, absorption of radiation during a cotunneling process effectively flips the spin on the dot. This spin flip cuts off the sequence of spin-correlated tunneling processes that build up the Kondo resonance, thus giving rise to a finite lifetime of the spin-singlet state. Consequently the Kondo effect is suppressed. Now the question becomes whether in an experiment where the microwave power is progressively increased, the sidebands are observable before the Kondo effect is destroyed completely. Incidentally, low-power external radiation of unclear origin has been pointed out as the dominant cause for dephasing in weak localization experiments at low temperatures.
14 One of these experiments was recently perfomed with open quantum dots under intentional microwave irradiation. 15 Photon sidebands have been observed in quantum dots weakly coupled to electron reservoirs. 16 It should be stressed that in these experiments tunneling is a very weak perturbation and coherence does not play a role. In the present paper we employ the techniques outlined in Ref. 15 to investigate the still unexplored effects of microwaves in the strong-tunneling Kondo regime.
THEORY

DC Kondo Effect in Quantum Dots
In a quantum dot with an odd number of electrons, the total spin is necessarily non-zero, resulting in a magnetic moment localized on the dot. This moment can be screened when exchange of electrons is possible with a nearby reservoir, as shown schematically in Fig. 1a . The dot is simplified to just one energy level, ε 0 , which in Fig. 1a is occupied by an electron with spin-up. Adding an electron increases the energy by the on-site Coulomb interaction, U . The dot is coupled to two reservoirs with electrochemical potentials µ L and µ R , via tunnel barriers characterized by the tunneling rates Γ L and Γ R .
In the situation of Fig. 1a first-order tunneling is blocked by Coulomb charging effects. 17 Nevertheless, an electron can tunnel off the dot through an intermediate virtual state, which costs an energy ∼ U and is allowed only for a short time ∼ h/U . The system returns to a low-energy state when an electron tunnels onto the dot. This can result in an effective spin-flip. When many of such spin-flip tunneling events via virtual states take place in a coherent way, the total spin state of the dot plus reservoirs becomes a singlet, i.e. the local moment is completely screened. This, in brief, is the Kondo effect. 1 The charge fluctuations associated with these higher-order tunneling events lead to a broadening of the single-particle state ε 0 by an amount hΓ = h(Γ L + Γ R ). In addition, spin fluctuations give rise to a narrow manybody resonance in the tunneling density of states, located at the Fermi energies of the reservoirs (see Fig. 1b ). The width of this resonance gives the typical energy scale for the Kondo effect, ∼k B T K , where T K is the Kondo temperature. In terms of dot parameters, 18 At temperatures above T K , the Kondo effect is destroyed by thermal fluctuations.
In the linear regime, the Kondo resonance results in an enhanced conductance, since the two reservoirs are always connected by a dot with a finite DOS at the Fermi energy. Applying a bias voltage, V sd , leads to a finite lifetime of the spin-singlet state and thus to a suppression of the Kondo effect. Experimentally, this translates into a peak in the differential conductance, dI/dV sd , centered around V sd = 0.
AC Kondo Effect in Quantum Dots
Photon-assisted tunneling experiments on quantum dots 16 have shown that microwave radiation can give rise to the formation of photon sidebands (see Fig. 1c ). Instead of just one single-particle state at ε 0 , additional states are formed at ε 0 ± nhf , where n is an integer referring to the number of absorbed or emitted microwave photons. The occupation of these sidebands depends on the intensity of the radiation. We will only consider low powers, such that n is restricted to 0 or ±1.
Several theoretical papers 8−13 have addressed the question what would happen if such experiments are repeated in the Kondo regime. The answer is not immediately clear since the Kondo effect arises from a spin-correlation between many subsequent tunneling events. The question arises whether or not photon-assisted tunneling breaks this coherence. Note that the formation of sidebands in the single-particle spectrum makes this problem resemble the multi-level Kondo problem. 19, 20 If the spin-coherence is not affected, the sidebands lead to narrow satellites of the Kondo resonance, at energies µ ± hf (see Fig. 1d ). These satellites should be observable in the dI/dV sd characteristics as additional peaks at V sd = ±hf /e.
However, the radiation can also induce decoherence in the spin-state of the system. One mechanism is related to ionization of the dot; an electron can be excited from the dot to the reservoirs by absorbing a photon, if the frequency is high enough (i.e. hf > µ − ε 0 ). A different electron can then tunnel back onto the dot, but it has no spin-correlation with the previous electron. This gives rise to a finite lifetime of the spin-singlet state, leading to a suppression of the Kondo effect. 10 Experimentally, this problem can quite easily be circumvented by choosing f low enough such that ionization is not allowed (i.e. hf < µ − ε 0 ).
Another, more subtle, mechanism for spin-decoherence is spin-flip cotunneling, 13 which is illustrated in Fig. 1e . It again involves the absorption of a photon and a subsequent spin-flip, but the difference is that now the intermediate state is virtual. As a result, this process is possible regardless of the microwave frequency. It is therefore the dominant decoherencemechanism due to radiation at low frequencies.
It is important to note that the lifetime of the satellite peaks in the differential conductance can be substantially smaller than that of the main Kondo peak. This results from the fact that the satellites are measured at finite bias, which allows for extra decoherence processes. The strength of the satellite peaks depends in a complicated way on various parameters, such as the microwave power, frequency and temperature. The question whether the satellites of the main Kondo resonance are observable in experiments is difficult to answer a priori. a2), and a spin-down electron tunnels onto the dot. All such events involving spin-flips contribute to a macroscopically correlated state, the Kondo resonance. The resulting DOS is schematically shown in (b). The broad lower bump is due to ε 0 , whereas the narrow peak at the Fermi energy of the leads represents the Kondo resonance. (c) In the presence of microwaves of frequency f , sidebands of the level ε 0 develop at energies ε 0 ± hf . (d) Besides these single-particle sidebands (the broad lower bumps in the DOS), microwaves may also lead to many-body satellites of the Kondo resonance (the narrow peaks at µ ± hf ). (e) Spin-flip cotunneling process involving the absorption of a photon. Such processes lead to spin decoherence. 
SAMPLE AND SETUP
An image of the device is shown in Fig. 2 . Six metallic gates are fabricated on a GaAs/AlGaAs heterostructure containing a 2D electron gas (2DEG) about 100 nm below the surface. The electron density is 1.9 × 10 15 m −2 . Appropriate negative gate voltages define a small puddle of electrons, which is coupled to the 2DEG reservoirs via tunable tunnel barriers. The lithographic size of the dot is ∼300×300 nm 2 . Taking into account a depletion region, we estimate an effective size of about 170×170 nm 2 with approximately 60 electrons in the dot.
The two gates labelled a and b are grounded in the present experiments. Gates 1, 2 and F control the size of the dot and the tunnel barriers. A DC voltage, V g , applied to the plunger gate, G, is used to finely tune the electron number. In addition, an AC voltage of amplitude V ω and frequency up to 50 GHz can be applied by coupling a high-frequency coaxial cable capacitively to the plunger gate. The AC power is controlled with a variable attenuator. Additional fixed attenuators are inserted in the coaxial line at low temperatures. The effect of the microwaves is measured in DC transport. A current, I, is measured in response to a voltage, V sd , applied between the source and drain reservoirs, using a standard lock-in technique with 3 µV excitation at 17.7 Hz. The device was mounted in a dilution refrigerator, and temperature was varied between 18 mK and 600 mK. We have applied a magnetic field of 0.15 T, to lower the resistances of the Ohmic contacts. This field is small enough not to affect the Kondo resonance, i.e. the Zeeman splitting gµ B B k B T K .
MEASUREMENTS
DC Kondo Effect
We make the tunnel barriers rather transparent, to increase the tunnel rate Γ and thus T K . This leads to broad and overlapping Coulomb peaks, as in Fig. 3 , which shows the linear conductance versus gate voltage for various temperatures between base temperature, 18 mK, and 365 mK. 21 At base temperature (thick line), the two Coulomb peaks are paired. When the temperature, T , is raised, the conductance in the outer valleys increases (indicated by arrows). In the central valley, on the other hand, the conductance first decreases until it starts to increase for T > 200 mK. Also, the Coulomb peaks move apart. These are clear signs of the Kondo effect. The Kondo zero-bias peak in dI/dV sd is shown in Fig. 4 for various temperatures between 18 mK and 285 mK, and for V g close to the middle of the central valley in Fig. 3 . The increase in dI/dV sd for | V sd |>150 µV corresponds to the threshold voltage to overcome the Coulomb energy U . When T is raised, the zero-bias peak decreases and becomes broader. At the same time, the "background" conductance goes up, due to thermally activated transport. As a result of these competing trends, the conductance at zero bias already starts to go up before the Kondo peak is fully suppressed. Even at 285 mK a small bump around zero bias remains visible. Figure 5 shows the differential conductance on gray-scale versus both gate voltage and bias voltage. Because of the rather transparent tunnel barriers, the usual "diamond" shape of the Coulomb blockade regions cannot be distinguished very well. We estimate that the charging energy U = e 2 /C ≈ 500 µeV, a factor of three smaller than in the weak-tunneling regime.
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The broadening of the single-particle states can be estimated from the width of the Coulomb blockade (CB) peaks; hΓ ≈ 200 µeV. The Kondo zerobias peak is only present in the central valley, indicating that this valley corresponds to an odd number of electrons. The width of the peak yields k B T K ≈ 100 µeV, or T K ≈ 1 K. From measurements in the weak tunneling regime we find an effective electron temperature, T ef f , of about 70 mK. So, 
Kondo Effect with Microwaves
The next step is to study the modification of the Kondo effect by microwave irradiation. We can apply frequencies up to 50 GHz, i.e. the photon energy hf can be tuned from 0 to about 200 µeV. Figure 6a shows the linear conductance in the Kondo valley, as well as part of the two adjacent valleys, in the presence of microwaves of frequency 49.5 GHz. For this frequency, hf ≈ hΓ ≈ 2k B T K < U/2, which means that in the middle of the Kondo valley, the microwaves are not able to ionize the dot (i.e. hf < µ − ε 0 ≈ U/2). In this case the dominant decoherence mechanism due to the microwaves is probably spin-flip cotunneling.
Different traces correspond to different intensities of the radiation. The thick curve is taken with an attenuation of -110 dB, which is essentially the same as without microwaves. If the power is increased, the two outer valleys go up, as indicated by the arrows, whereas the middle valley first comes down and only goes up for the highest power. Also, we see that the two Coulomb peaks decrease and move apart. This behavior demonstrates that the microwaves suppress the Kondo effect; at a first glance in a similar way as increasing temperature. Figure 6b shows a similar set of traces for a lower frequency f = 15.2 GHz. Here the photon energy is considerably smaller than hΓ and U and of the same order as k B T K . Nevertheless, we observe virtually the same behavior as in Fig. 6a for 49 .5 GHz, suggesting that the mechanism for the suppression of the Kondo effect is frequency independent.
The effect of microwaves on the Kondo peak in the differential conductance can be seen in Figs. 6c and 6d . The traces are taken in the middle of the Kondo valley. For increasing microwave power, the Kondo peak decreases and broadens. We do not observe any sidebands in the differential conductance. In Fig. 6c these should occur at V sd = ±hf /e = ±205 µV and in Fig. 6d at ±42 µV. Similar results were also obtained for f = 19.8 GHz, 31.0 GHz and 41.9 GHz. This set of frequencies was chosen in order to cover different regimes, starting with hf being the smallest energy scale up to hf of order hΓ. The results are the same in all cases. In none of our measurements we have observed any indication of the formation of sidebands.
Besides these measurements in the middle of the Kondo valley, we have also studied the differential conductance more towards the right Coulomb peak. In this region hf > µ − ε 0 for f = 49.5 GHz, such that ionization processes by microwaves are, in principle, possible. However, this did not seem to have a significantly different effect on the behavior of the Kondo peak as a function of microwave power. Also in this case, no evidence for sidebands of the Kondo resonance was found. Figure 7a shows in detail the suppression of the Kondo zero-bias peak versus microwave attenuation. The lower axis gives the value of the applied attenuation. The upper axis gives the amplitude of the AC signal, V ω , relative to the amplitude without attenuation, V 0 , on a logarithmic scale. The exact value of V 0 cannot be determined, since we do not know the amplitude of the radiation as seen by the electrons in the dot. This depends not only on the applied attenuation, but also on the transmission for the frequency that is used. Although our high-frequency coaxial cable has a nearly flat frequency response, the coupling of the AC signal from coaxial cable via the capacitor and gate transmission line to the quantum dot is probably very frequency dependent. . These parameters were slightly adjusted to obtain the best agreement between the different curves.
we find that for f = 19.8 GHz the onset of the suppression occurs around
With the same procedure we can also find V 0 for the other frequencies. Using these values for V 0 we obtain absolute values for the amplitude V ω , allowing us to replot the data of Fig. 7a against the dimensionless parameter eV ω /hf . From this procedure we find that curves taken at different frequencies nearly fall on top of each other. To illustrate this mapping most clearly we have allowed that V 0 differs somewhat from the value obtained from the suppression onset in Fig. 7a . The results are shown in Fig. 7b on linear scales. As can be seen, we now obtain a scaling behavior for the Kondo peak height versus eV ω /hf . We note that this scaling behavior is not limited to the regime of weak power, i.e. the one-photon regime where eV ω /hf 1. We now compare the effect of temperature to the effect of microwaves in more detail. We note that in Fig. 6a the valley conductance decreases to 0.43e 2 /h, significantly smaller than 0.49e 2 /h, which is the lowest conductance in the T -dependence of Fig. 3 . The same difference can also be seen in the differential conductance plots. In Fig. 4 the zero-bias conductance starts to rise before the Kondo peak is completely suppressed, whereas in Fig. 6b the curve with the lowest zero-bias conductance is essentially flat. This suggests that the Kondo effect is suppressed more efficiently by microwaves than by temperature. In other words, we cannot exactly translate microwave power to an "effective temperature". This is to be contrasted with the conclusions of Ref., 15 where the effect of microwave radiation was indistinguishable from heating.
This also follows from Fig. 8 , which shows the conductance in the middle of the Kondo valley versus temperature, in the presence of microwaves of various intensities. For the lowest intensity (-50 dB attenuation), the anomalous Kondo temperature-dependence is observed; first the conductance decreases to about 0.5e
2 /h at 200 mK, and then it starts to increase. For the curve with -20 dB attenuation, the conductance is already ∼ 0.5e 2 /h at base temperature. It remains more or less constant up to 200 mK, and then follows the -50 dB curve. However, by increasing the microwave power even more, we can suppress the conductance to a value substantially lower than 0.5e 2 /h. This is not possible by only raising the temperature, which again demonstrates the difference between heating and microwaves. At high temperatures, all curves essentially merge together. In this region, the effect of the microwaves is negligible compared to temperature.
CONCLUSIONS
We have studied the modification of the Kondo effect in a quantum dot by microwave radiation. We have performed measurements over a range of temperatures, microwave frequencies, and power in order to cover the different regimes for photon-assisted tunneling processes. In all these measurements we find no indication for photon-induced sidebands to the Kondo resonance. The presence of microwaves suppresses the Kondo effect for all our frequencies. A detailed comparison shows that the microwave-induced suppression is different from the suppression by higher temperatures. We find an interesting scaling behavior; the Kondo resonance decreases with the dimensionless parameter eV ω /hf independently of frequency.
We believe that the observed suppression is due to a microwave-induced decoherence of the Kondo resonance by spin-flip cotunneling processes. For a definite conclusion it is necessary to perform a detailed comparison with numerical results on the microwave-induced dephasing of the Kondo resonance at finite temperature. Such a numerical study is presently being performed. 
